Introduction
In recent years, there has been a great deal of interest in on energy-harvesting technology, especially as it applies to the power source of a health monitoring system. Therefore, energy-harvesting technology has attracted attention for harvesting electrical energy from the environment such as wind and sunlight. As an example of energy-harvesting and health monitoring technology, there is a technique for converting mechanical vibration energy to electric energy by using piezoelectric ceramics. However, the piezoelectric ceramics that are commonly used are brittle (Mehta et al. 1990 , Yoon et al., 1997 , so there are many constraints to using these for energy harvesting. By embedding the metal-core piezoelectric ceramic fiber (Sato et al., 2003 , Qiu et al., 2004 , Sato et al., 2004 , Sato et al., 2005 into aluminum by using the Interphase Forming/Bonding method (Asanuma, 2000) , these problems have been solved. An energy-harvesting device and a sensor use these features of the metal-core piezoelectric ceramic fiber/aluminum composite (Askari et al., 2006 , Asanuma et al., 2009 , Richeson et al., 2010 , so it is expected to achieve maintenance-free, long-term performance.
In this study, the output voltage and the output power characteristics of the composite were evaluated. The possibility of using it as a strain sensor and an energy-harvesting module and ways to improve its characteristics were also discussed.
Experimental methods

Materials
The materials used in this study are summarized in Table 1 . Pure aluminum plates were used as a matrix and pure copper foil was used as an insert material for the eutectic reaction and an electrode. The metal-core piezoelectric fiber (Sato et al., 2003) was made of lead zirconate titanate (PZT), which has a platinum core as a functional fiber, and its properties are shown in Table 2 .
Fabrication of specimens
Aluminum plates with different thickness and copper foils of 0.01 mm thickness were cut into dimensions 20 mm long × 30 mm wide, then, the oxide film was removed with water-proof abrasive papers. The aluminum plate with a thickness of 0.4 or 1.0 mm that was stacked on the copper foil was pressed with a SUS304 stainless steel spring wire with a diameter of 0.25 mm longitudinally in the center by using hydraulic press equipment to form a U-groove. The metal-core piezoelectric fiber was arranged in its U-groove, and the aluminum plate with a thickness of 0.2 mm in the same shape was stacked on it ( Fig. 1) . Stacked aluminum plates and copper foil were hot-pressed with a vacuum of 0.1 kPa, temperature of 873 K and pressure of 2.2 MPa for 2.4 ks. The composites were attached with an electrode to be used as rectangular specimens. Then, the specimen was polarized by an applied voltage of 300 V for 1.8 ks between the aluminum matrix and the platinum core.
Characterization of output voltage
The output voltage characteristics were evaluated as the sensor characteristics of the composite material by the vibration test equipment shown in Fig. 2 amplitude was measured by a laser displacement sensor 135 mm from the end of the vise and the strain generated in the specimen was measured by using strain gauges.
The effect of the strain direction of the specimen on the output voltage was investigated by changing the attached angle of the specimen. The condition of the vibration test was kept constant at resonance frequency f = 19.7 Hz and a vibration amplitude of 1.0 mm. The direction of the strain was changed by altering the attached angle from 0 degrees (fiber direction) to 90 degrees (transverse direction).
Characterization of output power
Because the power available from the specimen is changed by the external resistance, the optimization of the external resistor value for obtaining maximum efficiency is necessary. Therefore, the effect of the external resistance on the output power was investigated by changing the resistance value of the variable resistor. The vibration test system of the output power generated from the specimen is shown in Fig. 3 . The output voltage generated from the specimen by electromagnetic vibration by applying alternating current (AC) voltage to the coil using a function generator was measured with an oscilloscope. In this case, the variable resistor was connected parallel to the specimen, and the output power P was determined from the relationship described in Eq. (1)
where V p-p is the output voltage measured by an oscilloscope, R V is the resistance of the variable resistor, R O is the resistance of the oscilloscope, and R E is the resistance of the external resistance. The average output power P m , which is half of P, was also evaluated. The displacement of the vibration plate 135 mm from the fixed end was measured by a laser displacement sensor. The condition of the vibration test was kept constant at strain ε = 0.005% and resonance frequency f = 33.2 Hz. The output power was measured at each resistance from 0.4 to 10 MΩ (a stepwise increase of 0.4 MΩ).
The effect of the strain of the metal-core piezoelectric fiber on the output power was investigated by varying the amplitude of the vibration plate. The condition of the vibration test was kept constant at resonance frequency f = 33.2 Hz. The resistance of the variable resistor has a constant value; the highest output power was used in the aforementioned test. Vibration amplitude A was changed from 1.0 to 3.5 mm (a stepwise increase of 0.5 mm). The strain generated in the specimen was measured by using strain gauges.
In addition, the frequency dependence of the output voltage was investigated by compression vibrating test. As the internal impedance of the specimen changes, depending on its frequency the optimal external resistance for the maximum output power exists. The influence of the frequency and external resistance on the output power was investigated by changing the frequency at a constant strain in the fiber direction of the specimen by using a stack type piezoelectric actuator. The compression vibration test system of the output power from the specimen is shown in Fig. 4 . The specimen was fixed in a vise 17.2 mm from the terminal side, and the other side was faced the stack type piezoelectric actuator. The output voltage generated from the specimen by the stack type piezoelectric actuator by applying AC voltage from the function generator was measured with the oscilloscope. A steel plate was arranged between the stack type piezoelectric actuator and the specimen, and displacement of the plate was measured with a laser Doppler vibrometer. In this compression vibrating test, the applied strain was kept constant at 2.4 × 10 -3 %, and the vibration frequency was determined from the output voltage. The output power maximized at the external resistance and impedance of the specimen are matched, and the impedance of the specimen varies with the frequency. Therefore, the optimized external resistance was determined by changing the variable resistor at each measurement frequency.
Results and discussion
Characterization of output voltage
The relationship between the output voltage and strain is shown in Fig. 5 . According to the figure, the output voltage significantly and linearly increased with increasing the strain. This characteristic can be explained by using the simple model shown in Fig. 6 . Equation (2) is derived from the model
where d is the piezoelectric constants, F is force, h is the distance between electrodes, 
Characterization of output power
The effect of the external resistance on the output voltage and the output current obtained by varying the external resistance is shown in Fig. 8 . According to the results, the output current decreased and the output voltage increased with increasing external resistance. Then, the discharge in the circuit consisting of a capacitor and a resistor (Fig. 9 ) was considered. Current flow through the circuit is expressed as follows:
where Q is the charges, R is the resistance of the resistor, C is the capacitance of the capacitor, I is the current, and T is time.
Voltage is expressed by the product of the resistance and the current according to Ohm's law. Therefore, the voltage and the current are dependent on external resistance. The output power as a function of the external resistance is shown in Fig. 10 . The maximum output power P m is 0.049 μW at the external resistance R E = 4.4 M, where the external resistance was consistent with the impedance of the specimen. Therefore, the maximum output power can be obtained by impedance matching.
The relationship between the output power and the strain is shown in Fig. 11 . According to the figure, the output power increased in proportion to the square of the strain. Because the output power is the product of the output voltage shown in Eq. (2) and the output current, this result can be easily explained from the relationship between the output voltage and the strain. This indicates that elastic energy of the deformation of the specimen was converted into electrical energy at certain efficiency. The strain of the piezoelectric fiber in 0.64 μW (maximum value of the average power of the experimental range) was very small (0.012%). The fracture strain of this composite is more than 0.2%; therefore, it is suggested that higher output power can be obtained by applying a higher strain. In particular, it can be estimated that this composite will generate 0.2 mW at a strain of 0.2%.
The effect of the frequency on the relationship between the output power and the external resistance is shown in Fig. 12 . It is clear that the output power increased with increasing frequency and that the maximum power changes depending on the external resistance. As a piezoelectric material, PZT has a capacitance structure. Therefore, the impedance of the capacitance is dependent on the frequency, as shown in Eq. (4)
where X C is the impedance of the capacitor, f is the frequency, and C is the capacitance of the capacitor. The relationship of the frequency and the external resistance at the maximum output power is shown in Fig. 13 . This relationship corresponds well with the approximate curve and the experimental value. The external resistance obtained with the maximum output power was dependent on the impedance of the specimen. The impedance of the specimen was the dominant capacitance component, as shown in Eq. (4); therefore, the external resistance is inversely proportional to the frequency. The relationship between the maximum output power and the frequency is shown in Fig. 14. The maximum output power increases in proportion to the frequency. The voltage was kept constant, and the output current increased proportionally with the frequency; therefore, the output power that is the product of the current and the voltage is proportional to the frequency. Because the strain was kept constant and the frequency increased, not only the input energy but also the output energy increased.
The strain and the frequency dependences of the output power shown in Figs. 11 and 14, respectively, indicate the potential for a further increase of the output power. This was estimated, as mentioned previously, and the estimated results of the output power by increasing the strain and the frequency are shown in Fig. 15 . The estimated Fig. 10 Effect of the external resistance on the average output power generated from the specimen. 
